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Abstract 
 
Selective laser sintering (SLS) shows great potential to produce porous bone tissue scaffolds in 
tissue engineering. The scaffolds made of pure PHBV by SLS could reach the requirement of 
porous structure but show lack of stiffness and over-flexible. The properties of the scaffold 
could be modified by mixing with ceramic powders. Akermanite (AKM) is considered a 
promising bioactive material for bone tissue engineering. In this project, scaffolds made by SLS 
with different AKM mass fraction were assessed, to investigate the effect of mixing AKM 
powder and PHBV powder as a sintering material. The microstructure, porosity and pore size 
were assessed with the assist of ImageJ and Python. It is found that the addition of AKM 
ceramic into PHBV generally improves the powder sintering, the average size of fused material 
increases and the porosity usually decreases. The results also showed that the milled AKM 
ceramic powder shows better blend uniformity than the as-received AKM powder. The pore 
size measurement showed the weighted average pore size suits the required size for bone tissue 
regeneration. Further study was suggested to focus on the mechanical property testing and the 
implant experiment. 
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1. Introduction  
There is an increasing demand of synthetic scaffolds which are used for bone repair and 
regeneration. The scaffold plays the role of extracellular matrix to direct cells and tissues 
adhesion and proliferation and thus promote bone regeneration. At present the treatment method 
is to use the bone allograft or custom metal to help bone regeneration, which are inefficient for 
its high cost, limited availability, transmission of disease and unpredictable durability. The ideal 
scaffold used in born regeneration should have several properties: It should have a pore network 
which support cells and tissues and provide room for cells to grow. It should be biocompatible 
and biodegradable, the degradation rate is expected to match the growth rate of cells and tissues. 
In addition, the scaffold should also have good mechanical properties to act as the replaced 
bone. (Duan & Wang, 2011).  
 
PHBV (Poly-(3-hydroxybutyric acid-co-3-hydroxyvaleric acid)), which provides many 
required properties as a scaffold material. Previous study shows the scaffold made of pure 
PHBV by selective laser sintering (SLS) have insufficient stiffness and over highly flexibility 
(Zhao,2016). However, some desired properties can be modified by mixing with ceramic 
powders. Akermanite (AKM) bioceramic (Ca2MgSi2O7) is considered a promising bioactive 
material for bone tissue engineering, Luo et.al (2016) indicate the AKM could help cell 
proliferation and osteogenic differentiation. Thus, the effect of the incorporation of AKM 
ceramic into PHBV shows great intrest. 
 
It is difficult to manufacture pore network scaffolds with traditional method. With the 
development of additive manufacturing (AM) technology, fabrication of customized object has 
been greatly improved. The AM process can generate a 3D physical model directly from a 
Computer-Aided Design (CAD) data, which dramatically simplifies the manufacturing process. 
AM process is a layer by layer process, the 3D digital model is divided into 2D cross-section 
thin layers firstly and then the machine builds the part layer by layer, from bottom to top. Each 
layer is bonded to the previous layer thus a solid object can be created.  
 
Selective laser sintering is one type of AM process and it is a powder bed fusion (PBF) process. 
The raw material are powders and the properties of the product can be easily changed by mixing 
powders and/or change parameters on the machine to reach the requirement. It is a relatively 
mature AM technology and suitable for polymer fabrication. Combine the ease of fabrication 
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complex geometry objects of SLS and the great properties of PHBV and AKM in biomedical 
field, research of “manufacturing PHBV-AKM scaffold by selective laser sintering” shows 
great potential. 
 
The present study mainly investigated the effects of the AKM on the microstructure of porous 
PHBV, including pore size, porosity and surface morphology.  
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2. Literature review 
2.1. Additive manufacturing 
2.1.1. Definition of additive manufacturing 
Additive manufacturing is the formalized term of rapid prototyping and what is popularly called 
3D printing. Rapid prototyping (RP) is the term which is used in many industries, and it 
describes the process for rapidly producing a system or part representation before 
commercialization. In another word, the emphasis is on “producing something rapidly”, and the 
output is a basis model or prototype. In a product development context, rapid prototyping was 
used to describe techniques which build physical prototypes directly from digital model data. 
 
However, Rapid Prototyping technique users came to realize that the term RP does not 
practically describe many recent applications of RP. The products made from these machines 
are closer to the final products. Many products are directly produced in these machines, so the 
term “prototype” is not suitable for these products. A committee from ASTM (American 
Society for Testing Materials) International indicated that new technology should be formulated. 
Thus, the term “additive manufacturing” is used as standards. 
 
The basic principle of Additive manufacturing is that the digital model which primarily 
generated by three-dimensional Computer-Aided Design (3D CAD) system, can be 
manufactured without a process design. Although AM is not as simple as it sounds, it 
significantly simplifies the manufacturing process of directly producing complex three-
dimensional products form CAD. Other processes need an accurate analysis of the product 
geometry to determine the tools which could be used, the processing sequence, and the accuracy 
of each process step. In contrast, what additive manufacturing needs is only the basic 3D CAD 
data, how the machine works and material selection. 
 
AM is a “layer by layer” process. First, the 3D digital model is cut into many thin layers, each 
layer is a cross section of the model, the layer thickness should be fine to reach the high 
simulation degree. Then the machine can work with stl file and proper parameters automatically, 
materials are added layer by layer to build the part. Finally, the finished product needs to be 
removed from the machine, by some post processes, the final product is made. 
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2.1.2. The Generic AM Process 
Transferring from the virtual CAD model to the physical resultant part, several steps are needed 
in additive manufacturing. Different products need different AM processes. Simple products 
may only need a visualization model by AM process, however, when products are complex and 
highly-accurate, the AM process may numerous stages and iterations. But to summarize, most 
AM processes involve, to some degree at least, the following eight steps: (Figure.1) 
  
 
Figure 1:Generic process of CAD to part (Gibson, 2010) 
 
STEP.1 CAD 
Additive manufacturing products begin with 3D software models, which give external 
geometry of these products. The available types of 3D software are varied, Creo, ProE, Rhino, 
etc. Users can build their desired 3D models by the software.  
 
Step.2 STL(STereoLithography) file 
STL is a file format and it is also called “Standard Triangle Language”. Almost all additive 
manufacturing machines accept the STL file format, and it is becoming a trend that STL file is 
the “standard” file format for the 3D software. Nowadays most CAD softwares can transfer the 
CAD file to STL file which contains data describing the layout of a three-dimensional object. 
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Step.3 Transfer to AM Machine and STL File Manipulation 
The STL file must be transferred to AM machine to start the building process, and file 
manipulation may need to determine the size, position and also orientation for the building 
process. 
 
Step 4: Machine Setup 
Some parameters needed to be set on the machine properly, and generally these parameters are 
layer thickness, energy source, printing time, etc. Taking SLS (selective laser sintering) for 
example, few important parameters, laser power, layer thickness and printing temperature, are 
set on the machine and they have significant effect on the final product. 
 
Step 5: Build 
This step is usually finished by the machine automatically, but still needs operator to supervise 
the machine in case some unexpected error take place, such as material shortage or project 
glitch. 
 
Step 6: Removal 
Once the building process is finished, the product needs to be removed from the machine. In 
some situations, the removal is not a simple job. For example, in SLS, the finished products are 
buried in the powder, improper manipulations could damage products and lower the purity of 
building powder. 
 
Step 7: Post-processing 
Products could have sharp edges or attached powder when they are just removed from the 
machine, thus it is necessary to clean them up before they are ready to be used. In some AM 
processes, supporting structure are built to support the printing parts, however, they need to be 
removed in this stage. This therefore often requires time and careful, experienced manual 
manipulation. 
 
Step 8: Application 
Products may now ready for use. However, additional treatment may be required to make those 
products more acceptable. For example, some products may need painting to give an 
appropriate surface finish. 
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2.2. Selective laser sintering 
Selective laser sintering (SLS) is an additive manufacturing process and its basic method of 
operation is schematically shown in Figure 2. SLS usually uses a CO2 laser beam to scan the 
surface of powders, powders which have been scanned fuse together and become solid, while 
powders have not been scanned provide the support for the next powder layer. Then another 
thin layer of powder is covered on the previous one by the roller and ready to be scanned. The 
process is repeated until the object have been printed. Finally, the parts are removed from the 
powders and supporting powders are cleaned. 
 
Figure 2: A schematic diagram showing the principle of SLS (Duan & Min, 2013) 
 
 
This technology is favored for its high accuracy, easy post- SLS processing and material 
availability. (Duan & Min, 2013) The ability of generating porous and irregular structures 
makes it possible to fabricate customized biomedical scaffolds with controlled pore size and 
pore shape.  
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2.3. Scaffolds for tissue engineering  
2.3.1. Tissue Engineering 
Tissue Engineering was defined by Bell (1993) as “the application of principles and methods 
of engineering and the life sciences toward fundamental understanding of structure function 
relationships in normal and pathological mammalian tissue and the development of biological 
substitutes that restore, maintain, or improve tissue function”  
 
In terms of its aims and goals, tissue engineering can be considered as it shown in Table.1. 
 
Table 1:Aim and goals of tissue engineering 
Aims 
& 
goals 
Providing cellular replacement parts capable of inducing regeneration. 
Providing cellular prostheses or replacement parts for the human body. 
Providing cells, tissue even organs for the medical or biological research 
Providing vehicles for delivering engineered cells to the organism. 
Providing surfacing non-biological devices. 
 
There are two major types of tissue construct in tissue engineering: open systems and closed 
systems. (Langer et.al, 1993). The scaffold with cell adhesion implanted into the body is the 
open system while the implant works as external organ support is regarded as the closed system. 
The scaffold is highly porous with a pore network which works as an intermediary model direct 
cells and tissues adhesion and proliferation for tissue regeneration. 
 
The general process of tissue engineering is illustrated by Schultz et.al, 2000. First the cells are 
isolated from the biopsy of the patient and then expanded in vitro. Finally, these cells could be 
seeded into the scaffold. Incorporated with signalling molecules in some strategies, and before 
an appropriate and developed graft is formed, the cell-scaffold construct could be cultured in a 
bioreactor. This final 3D cell-scaffold construct can be implanted into the patient (Temenoff 
and Mikos 2000). In addition, Chen et.al (2006) demonstrated that bone has the highest 
possibility for regeneration among many other tissues in the body. 
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2.3.2. Requirements of Scaffolds for Bone Tissue Engineering 
 
Surface Properties 
Scaffolds with appropriate surface chemistry could improve cell adhesion, proliferation and 
differentiation thus accelerate tissue regeneration. Surface roughness is one of the important 
factor that could enhance osteoblast functions, especially for applications in enhanced bone 
tissue engineering. (Liu et al. 2006). Khan et al. (2008) indicated that within the scope of 
textured surfaces, variations in cellular behavior can only depend on the size of the texture or 
with certain cellular behaviors elicited by nanoscale modifications on the surface of the material. 
 
Physical Properties 
Scaffolds used in tissue engineering should be highly porous with interconnected network. The 
pore size, porosity and pore structure need to be appropriate for nutrients transport and cell 
proliferation. (Hutmacher 2000). It was described that together with osteoconductivity, a porous 
structure is critical to allow osteoprogenitor cells and osteoblasts to fill the entire matrix after 
the implantation (Liu et al. 2006). It was also mentioned that not only porosity, the diameter of 
the pore size should also be appropriate to osteoblasts to migrate into the center of the matrix 
achieving complete healing. Previous study shows the appropriate pore size for bone tissue 
engineering is 100-350 μm. (Nasim Annabi,2012) Thus, it is necessary of a pore structure tends 
to acquire critical design decisions in order to consider the structural integrity of the matrix. 
 
Mechanical Properties 
Bone responds to the presence or absence of physical load. The resorption or formation of bones 
by body occurs in response to these loads. It has been reported that it is necessary to design the 
matrix of which the mechanical properties are similar to the tissue in the immediate surrounding 
area of the defect (Liu et al. 2006). Around the implant site, an overdesigned matrix can induce 
bone resorption while an underdesigned matrix may be insufficient as a mechanical support to 
the skeleton. In addition, the mechanical properties and overall porosity of the matrix can be 
varied by material selection and formation of composite structures. 
 
 
Degradation Properties 
In order to match cell proliferation in vitro or in vivo, scaffolds should be biodegradable and 
should possess appropriate degradation rate (Hutmacher 2000; Ma 2004). According to ASTM 
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F1635-04a (ASTM 2004), if the degradation of one material is primarily hydrolytic in nature, 
physiological conditions may be modeled at the temperature of 37 °C under designed pH 
surroundings. Throughout the degradation period, various properties can be monitored. 
 
Sterilizability 
In order to prevent infection, scaffold materials must be sterilizable (Zhou 2007). The scaffolds 
should possess minimum residues if chemicals such as ethylene oxide are used to sterilize the 
samples. Gamma radiation is an accepted alternative to ethylene oxide sterilization. 
Sterilization methods should be carefully selected so that it can have little effect on the 
properties of scaffolds. The effects of γ-ray irradiation on PHB and PHBV had been reported 
by several researchers. It was reported that PHB and PHBV could be sterilized by γ-ray 
irradiation (Holmes 1982). Some reduction in molecular weight was reported from this 
sterilization technique. It was reported that PHBV membranes were sterilized by UV irradiation 
for 30 min which showed satisfactory cell attachment, spreading and growth (Lucchesi et al. 
2008). It was also reported that surface modified PHBV films could be sterilized by ethanol 
which promoted osteoblast alignment and confinement (Kenar et al. 2008). 
 
2.4. Material selection 
Theoretically, any powder that can be sintered by heat could be used in SLS process, and the 
powder particles should also have an appropriate size. Thermoplastic materials are suitable for 
SLS process due to their low melting temperature, low thermal conductivities and low tendency 
for balling (Gibson, 2010). Manfred Schmid et.al (2015) indicated the important properties of 
SLS are shown in Figure.3. 
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Figure 3: Interconnection of different polymer properties to be organized for providing 
promising SLS materials (Schmid et.al, 2015) 
 
The most commonly used material in SLS for bone tissue engineering is shown in Table.2 
which includes HDPE, PHB, PHBV, PLA, PLGA and PCL. (GRØNDAHL, 2014)  
Table 2:Common biomaterial used in SLS 
Polymer Mechanical properties Properties 
HDPE E =0.88 GPa; UTS = 35 MPa Bioinert, ductile; allowing for high 
volume of inorganic filler to be 
incorporated 
PHB E = 2.5 GPa; UTS = 36 MPa, 
highly crystalline 
High strength but brittle, slow 
degradation time 
PHBV E = 2.5–0.5 GPa; 
UTS = 70–20 MPa (depending 
on 3HV content) 
Less crystalline than PHB, can be 
modifi ed by 3HV content, improved 
ductility compared to PHB, slow 
degradation time 
PLA (PLLA) or amorphous (PDLLA), 
E = 2.7 GPa (PLLA), 1.9 GPa 
(PDLLA); UTS = 50 MPa 
((PLLA), 29 MPa (PDLLA) 
Semicrystalline, slow degradation 
time 
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PLGA E = 1.4–2.8 GPa; 
UTS = 40–55 MPa 
(depending on composition) 
Tuneable degradation rate (1–12 
months) 
PCL E = 0.4 GPa; UTS = 10 MPa Semicrystalline, high tissue 
compatibility 
 
 
2.5. PHBV 
Poly(hydroxybutyrate-cohydroxyvalerate) which is also known as PHBV (Figure.5), is a 
member of the Polyhydroxyalkanoates (PHA), and it is considered to be a promising 
biomaterial for its biocompatibility and biodegradability. It has been reported by Kumarasuriyar 
et al. (2005) that PHBV-made scaffolds can enhance attachment and development of cells. 
Similarly, Sultana (2012) reported the piezoelectric properties of PHBV which could stimulate 
bone growth. Moreover, the PHBV scaffolds have been successfully built by Duan & Wang, 
2010. (Figure.4). However, there are still some limitations to the further application. The 
melting temperature of PHBV is high with highly crystalline solids and large spherulitic 
structures with slow growth. The high crystallinity results in the insufficient of stiffness and 
brittle, thus the mechanical properties are the major limit for its application. Moreover, PHBV 
is unstable at a temperature near its melting temperature, which results in a drastic reduction in 
molecular weight during the melt processing.  
 
 
Figure 4: sintered 
Ca–P/PHBV nanocomposite proximal femoral condyle scaffold. 
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Figure 5:The SEM image of PHBV powder (Zhao,2016) 
 
 
 
3. Methodology  
3.1. Specimen  
In this project, there are four different materials to be investigated: Pure PHBV, PHBV-
10AKM(milled), PHBV-10AKM(received) PHBV-20AKM(received). The PHBV-AKM 
scaffold specimen (Figure.6) are made by selective laser sintering, which was carried out on a 
DTM Sinterstation 2500 Plus system. (Figure.7) The PHBV powder was supplied by Tianan 
Biologic Materials Co.Ltd (Ningbo city, China).  
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Figure 6:PHBV-AKM scaffolds 
 
 
Figure 7: DTM Sinterstation 2500 Plus system 
 
The geometry of the scaffold sample is approximately cubic, the dimension of the specimen is 
about 9mm × 9mm × 9mm. Scaffolds made by SLS show different physical and mechanical 
properties in different direction. Thus, three directions are defined as “nominal”, “lateral.1” and 
“lateral.2” on the reference of laser scan direction in order to do further analysis. (Figure.8) 
 
23 
 
 
Figure 8: Definitions of the directions. (y axis — “nominal”; x axis — “lateral.1”; z axis — 
“lateral.2”) 
 
 
3.2. Sample preparation  
To acquire the microstructure of these specimens, PHBV-AKM specimens need a series of 
preprocess, which includes mounting, polishing and microscopy. 
 
3.2.1. Sample mounting 
The specimens are porous and relatively fragile and weak, without protection the porous 
structure could be easily damaged during polishing process. Meanwhile the polishing machine 
can only hold the cylinder-shaped samples, unmounted specimen can only be polished by “hand 
holding”, which is only for rough polishing. Considering those two factors specimens should 
be mounted first and then for polishing.  
 
There are two mounting methods available in the lab: cold mounting and hot mounting. Hot 
mounting is efficient, the processing time is only 5 minutes, at the same time the quality of the 
finished product is excellent. However, considering the PHBV-AKM specimen cannot resist 
the high temperature and high pressure, hot mounting is knocked out. Another method, cold 
mounting is the method used in the experiment. Cold mounting is suitable for a large series of 
specimens. The impregnation by vacuum pump is used to protect the material like plasma 
sprayed coating 
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Porous materials, such as the PHBV scaffold, require vacuum impregnation. Vacuum 
impregnation is conducted in a vacuum pump with the vacuum pressure approximately 0.1-
0.15 bar. All pores connected to the surface fill with resin. The filled resin could support the 
brittle structure, and the PHBV is protected during the polishing process. 
 
The procedure of cold mounting is shown below: 
 
1. Sort out stuffs used in cold mounting, which includes EpoFix resin, EpoFix hardener, silicone 
oil, molds and small metal blocks. (Figure.9) 
 
Figure 9: EpoFix resin, EpoFix hardner and silicone oil 
 
2. Carefully clean the specimen and molds, when they get completely dried, a thin and uniform 
layer of silicone oil is then applied to the wall and bottom inside of the molds as a release agent. 
 
3. Liquid epoxy resin is mixed with hardener with a weight ratio of 25(resin):3.5(hardener) in 
a well-cleaned cup and the mixture is slowly blended using a wooden stick until the mixture is 
uniform. It is remarkable that blending process should be slow and soft to avoid the air bubbles 
get in the solution. 
 
4. Put the specimen in the center of the mold and slowly pour the resin mixture into the mold 
until the whole specimen is submerged. Use the wood stick to flip over the specimen to make 
resin could fill in the porous structure uniformly and squeeze the air out. When there are no 
more bubbles get out from the porous specimen, flip over the specimen to the desire direction 
and then a small metal block should be placed on the top of the specimen to prevent sample 
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floating. Pour more resin mixture to ensure the mold is filled up.  
 
5. because some air could be still trapped in the specimen thus the entire mold should then be 
placed into a vacuum desiccator for 15 minutes to force the air trapped inside the specimen to 
escape. This is a critical step for achieving sufficient pore impregnation and strong bonding 
between the resin and the cell walls inside the porous specimen. (Figure.10)  
 
 
Figure 10: Vacuum Impregnation 
 
6. The resin is cured in ambient environment, which takes at least 12 hours.   
 
7. The embedded samples are then removed from the mold and carefully cleaned for the next 
step.   
 
 
3.2.2. Sample polishing  
Grinding and polishing are conducted on the Struers TegraPol-35 coupled with the Struers 
TegraDoser-5, where TegraPol-35 is a polisher and TegraDoser-5 is a code-controlled doser. 
(Figure.11) 
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Figure 11: Struers polishing machine 
 
There are totally 6 sandpapers and polishing cloths used in the polishing process, they are #320 
sand paper, #600sand paper, #1200sandpaper, #4000 sandpaper MD-Dac polishing cloth and 
MD-Chem polishing cloth. (Figure.12) 
 
 
Figure 12: MD Dac (left) & MD Chem (right) 
 
An optimized polishing procedure is summarized below: 
 
1. Chamfer processing  
Samples removed from the mold could have sharp edges (Figure.13 [a]), which could result in 
the polishing surface is not horizontal. A non-horizontal polished surface makes it difficult to 
focus on the optical microscope and needs level adjusting. To avoid this, chamfer processing is 
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designed to do at the beginning. Grind the sharp edge is on the #320 sandpaper by hand holding, 
during the process slowly spin the sample until the sample is well-chamfered. 
 
 
Figure 13: Mounted specimen ([a]: without chamfer processing; [b]: with chamfer 
processing) 
 
 
2. Grinding on sandpapers 
The aim of the grinding and polishing on the sandpapers are two: material removal and rough 
polishing. The surface microstructure is preferred to be acquired at the middle of the specimen, 
because the top and bottom surface are more likely to have defects and air bubbles could adhere 
on the bottom and top. Thus, material near the top surface are removed. Sandpaper with large 
grain size have high material removal rate but with rough surface finish, a series of sandpaper 
grinding with smaller grit size is adapted to improve the surface condition for polishing. 
 
The grinding parameters and machine settings are shown in Table.3, and these parameters and 
settings are used for all those four sandpapers. The only difference for each grinding process is 
the time, shown in Table.4. The grinding time for 320# sandpaper is varied from 60 seconds to 
120 seconds, which is depended by the specific sample surface condition. 
 
Table 3:Parameters and settings in sandpaper grinding 
Parameters Settings 
Lubricant water 
Force 10N / 60N 
Speed of the disk 150 rpm, anticlockwise 
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Speed of the sample holder 150 rpm, anticlockwise 
 
 
Table 4:Grinding recipe 
Sandpapers  Time (s) Purpose 
#320 60~120 To remove the material at the bottom 
#600 120 Material removal & Sand down deep scratches 
#1200 120 Surface rough polishing  
#4000 180 Surface polishing 
 
The optical microscopic image of the sample surface after all the grinding steps is shown in 
Figure.14. In this image, the scaffold material and resin could be basically identified. Few 
scratches are deep and obvious. In addition, many pits could be observed. 
 
Figure 14: The microscopic image after sandpaper grinding process 
 
3. Polishing on MD-Dac 
The MD-Dac polishing cloth is applied to polish the specimens. The abrasive of this polishing 
cloth is diamond and the grit size is varied from 3µm to 9µm. It is necessary to thoroughly wash 
and rinse the polishing cloth by using brush and dishwasher as cleanness is essential for the 
polishing quality. The ground specimens are then polished using MD-Dac on Struers TegraPol-
35. The polishing parameters are shown in Table.5. 
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Table 5: Parameters and settings for MD-Dac polishing 
Parameters Settings 
Polishing cloth MD-Dac 
Suspension DiaPro-Dac (level 2/2) 
Force 10N / 60N 
Processing Time 180 seconds 
Speed of the disk 100 rpm, anticlockwise 
Speed of the sample holder 100 rpm, anticlockwise 
 
The optical microscopic image of the sample surface after the MD-Dac polishing step is shown 
in Figure.15. Compared with Figure.13, this image shows the better surface finish with no deep 
scratch only few pits. It is noticeable that the ceramic particles could be roughly identified. 
 
 
Figure 15: The microscopic image after MD-Dac polishing process 
 
4. Polishing on MD-Chem 
MD-Chem is a polishing cloth with grain size smaller than 1 µm, and it generally used for final 
polishing of all materials, which could provide the excellent preparation quality and durability. 
The parameters and machine settings of the selected automatic method is shown in Table.6. It 
is noticeable that after the process the sample needs a “30 seconds washing process” in order to 
clean the suspensions thoroughly. In addition, the whole process can be repeated if the surface 
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finish does not reach the requirement.  
 
Table 6: Parameters and settings for MD-Chem polishing 
Parameters Settings 
Polishing cloth MD-Chem 
Suspension  OP-S (level 2/2) 
Force 10N / 60N 
Processing time 120 seconds + 30 seconds washing 
Speed of the disk 100 rpm, anticlockwise 
Speed of the sample holder 100 rpm, anticlockwise 
 
The optical microscopic image of the sample surface after the MD-Chem polishing step is 
shown in Figure.16. Compared with Figure.15, this image shows great surface finish with no 
scratches and no pits. The sintered PHBV, the resin and the ceramic particles could be easily 
and clearly identified. 
 
 
Figure 16: The microscopic image after MD-Chem polishing process 
 
Summary 
The polishing recipe for polishing the PHBV-AKM specimen has been established. All the 
microscopic images above are taken from the sample “PHBV-10AKM(received)”. And it has 
AKM particles 
Sintered PHBV 
Resin 
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been found that this recipe works well with the other three materials tested in the project. All 
the polished samples are kept in the clean containers with labels, for the next step “microscopy”. 
It should be mentioned that if the polished samples are stored for a long time, the ethanol 
cleaning could effectively remove the stains and improve the surface condition. 
 
 
3.3. Microscopy 
The polished specimens were viewed using Olympus LEXT microscope. (Figure.17) 
Microscopic images need to be taken with different magnification to evaluate the polished 
surface condition and also ceramic distribution. Besides, the Olympus system provides the 
“stitching” method to acquire the confocal microscopy, which would be used in the porosity 
and pore size calculating. The magnification of the images is designed as x10, and x20, x50 for 
each sample. For the stitching process the x10 magnification is preferred for its fast scan speed 
and acceptable image quality. Photo taking parameters such as brightness, saturation and 
contrast were adjusted to the minimum combination for obtaining desired image quality, which 
was essential for the porosity analysis.      
 
 
Figure 17: Olympus LEXT confocal microscope 
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3.4. Image processing with ImageJ 
ImageJ is an open source image processing package which is capable of doing multi-
dimensional analysis. In this study, ImageJ was mainly applied for porosity measurement and 
pore structure analysis. In this project, ImageJ aims to proceed the stitched images to get the 
data of porosity and the function “threshold” could transfer the colored images to binary images, 
which would also be used in pore size measurement. 
  
The microscopic pictures were first converted into binary images. (Figure.18) Image threshold 
was adjusted properly to segment resin (pores) and the polymeric cells. Among the thresholding 
algorithms available in ImageJ, the “minimum” was the most suitable method in this case. Only 
bulky sintered structures can be detected by using this method, which is found reasonable. The 
reason is that there are different amount of unsintered powder particles trapped in pores which 
cannot be easily removed, and apparently these loose-packed powders do not provide any 
mechanical properties. Therefore, they are not supposed to be counted as a part of scaffold 
matrix. After thresholding the area fraction of pores can be measured.  
 
 
 
Figure 18: Transformation from the color image to the binary image 
 
3.5. Pore size measurement   
For optical microscope observation, the PHBV scaffolds were mounted in epoxy resin, 
sectioned, ground, and polished. The entire area of the polished scaffold was imaged to provide 
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a holistic view of the sectioned plane. A minimum of x images were taken for each specimens 
and then stitched together to form a large area image mosaic. These large area images were 
used to quantify the areal size of the fused PHBV (lm) and pores (lp) by a line inter-section 
method, modified from ASTM E112. The standard calculates an average grain size based on 
the intersection of defined lines and circles. In this study a Python software script was developed 
to measure lm and lp in an automated manner. Figure.19 illustrates this algorithm: the binary 
image is divided by horizontal, vertical and diagonal searching lines, along each searching line, 
mark the color transition point and measure the distance between the adjacent transition point. 
The resulting lengths were normalized in regards to their relative proportion of the total line 
length. These lengths were summarized in a histogram with a bin width of 20 µm. A weighted 
average was calculated according to the formula: 
 
 
                                                       𝑙 ̅ =
∑ 𝑛𝑖𝑚𝑖
2𝑛
𝑖=1
∑ 𝑛𝑗𝑚𝑗
𝑛
𝑗=1
                                          (Equation.1) 
 
 
Figure 19: The schematic view of areal size measurement 
  
34 
 
4. Results & analysis 
4.1. Microstructure  
4.1.1. PHBV 
Figure.20 shows the microstructure of the polished PHBV scaffold. The dark area is the fused 
PHBV and the white area is the filled resin. The whole surface is well polished with no scratches. 
However, few black dots could be observed on the surface. They are supposed to be remained 
ceramic particles of the Chem. Generally, one polishing cloth is only for one material polishing, 
considering the similarity of the PHBV and PHBV-AKM and the economy, all samples made 
of four different materials were polished on the same Chem, which could deteriorate the quality 
of the polished surface. After polishing the PHBV-AKM samples the polishing cloths need 
thoroughly cleaning to remove the attached ceramic particles otherwise the AKM particles work 
as the abrasive grains, results in scratches and pits. 
 
 
 
Figure 20:Surface microstructure of pure PHBV scaffold 
 
Black dots 
35 
 
4.1.2. PHBV-10AKM (milled) 
Figure.21 and Figure.22 both show the microstructure of a PHBV-10AKM(milled) scaffold 
specimen with different magnifications. In Figure.21, the tiny black marks are the milled AKM 
particles, and the distribution of those particles are generally uniform. In Figure.22 the ceramic 
particles are more clearly observed and the size of the particles are mostly smaller than 10 
microns.  
 
 
Figure 21:Surface microstructure of PHBV-10AKM(milled) scaffold 
 
 
 
Figure 22:Surface microstructure of PHBV-10AKM(milled) scaffold 
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4.1.3. PHBV-10AKM (received) 
 
Figure.23 exhibits the surface microstructure of PHBV-10AKM(received) scaffold. The 
ceramic particles can be easily identified and the size of those particles are varied. The 
distribution of those particles is not uniform, the ceramics more likely to attach on the large 
sintered area. The hypothesis for this phenomenon could be the PHBV powder around the 
ceramic are more likely to be sintered. In addition, some PHBV are not fused well which leads 
small sintered island in the image. 
 
 
Figure 23:Surface microstructure of PHBV-10AKM(received) scaffold 
 
4.1.4. PHBV-20AKM(received) 
 
Figure.24 and Figure.25 represent the microstructure of PHBV-20AKM (received) with 
different magnifications. The most attracting feature of these two images is the massive AKM 
ceramic particles bonding with PHBV. The size of those ceramic particles could reach 50 
microns and those particles are more likely to been seen on the large sintered island. Although 
the ceramic content is large, the distribution of those ceramic is not as uniform as the milled 
ceramic distribution.  
 
Small sintered island 
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Figure 24:Surface microstructure of PHBV-20AKM(received) scaffold 
 
 
Figure 25:Surface microstructure of PHBV-20AKM(received) scaffold 
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4.2. Porosity 
The porosity of the material is measured by ImageJ. The porosity was designed to be measured 
three times for each sample with different layers. However, the quality of the polished surface 
cannot always meet the requirements, some surface images cannot be processed using ImageJ 
because the colors between PHBV and resin are too close. Thus, for group 5, 6, 8,9, and 11, 
only two porosity data were obtained, and for group 2 and group 3, there was only one data 
available. For the other groups, porosity was measured three times and the average value for 
each group was calculated and shown in Table.7.  
   
Table 7:Porosity of the material 
Material Group No. Direction Porosity 
 
Pure PHBV 
1 Nominal 51.039% 
2 Lateral.1 43.762% 
3 Lateral.2 58.352% 
 
PHBV-10AKM 
(milled) 
4 Nominal 46.678% 
5 Lateral.1 45.330% 
6 Lateral.2 51.346% 
 
PHBV-
10AKM(received) 
7 Nominal 53.778% 
8 Lateral.1 46.091% 
9 Lateral.2 53.002% 
 
PHBV-
20AKM(received) 
10 Nominal 48.450% 
11 Lateral.1 44.596% 
12 Lateral.2 48.435% 
 
 
Figure.26 shows the relationship between porosity and AKM mass fraction. At the nominal 
direction and the lateral.1 direction, the porosity firstly increases with the increase of AKM 
mass fraction but then drops. At the lateral.2 direction an increase of AKM mass fraction leads 
to the decrease of the porosity. Moreover, the porosity at lateral.1 direction is always smaller 
than the porosity at other two directions for each material, and it can be inferred that the building 
direction and laser direction greatly influence the material sintering which lead to the porosity 
reduction.  
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Figure 26: Relationship between porosity and mass fraction of AKM 
 
Figure.27 describes how the milled AKM particles influences the porosity. In the figure, the 
porosity of PHBV-AKM (milled) is smaller than the received one in every direction, which 
indicates the fine ceramic particles could promote the powder fusion and thus the porosity 
decreases due to loose powder. 
 
 
Figure 27:Relationship between porosity and AKM particles 
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4.3. Pore size 
The pore size measurements were taken on the Python software with the developed script. 
Considering the sample quality and the accuracy of the result, only the samples polished at 
nominal direction were measured. Samples with less holes, less stains and uniform pore 
distribution were preferred, and the best sample for each material are selected to be measured. 
The results are shown in Figure.28,29,30,31. The figures represents the quantity of the areal 
size of the fused PHBV (lm) and pores (lp) and their contribution. Horizonal axis shows the 
areal size (μm) with the width of each column bar is 20 μm (bin size) while the vertical axis 
represents the count and contribution. The “lo” represents the sintered PHBV and the “hi” 
represents the pore. All the output data form Python are shown in Figure.28,29,30,31. These 
figures provide the pore size and material size distribution clearly. For example, Figure.28 (c) 
shows the pore size ranges from 20 microns to 40 microns counts nearly 7000, while Figure.28 
(d) shows the pore size ranging from 100 microns to 120 microns make the biggest contribution 
to the porosity. 
 
 
Figure 28:Pore size measurement of PHBV in nominal direction 
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Figure 29:Pore size measurement of PHBV-10AKM (milled) in nominal direction 
 
 
 
Figure 30:Pore size measurement of PHBV-10AKM (rec) in nominal direction 
 
42 
 
 
Figure 31:Pore size measurement of PHBV-10AKM (received) in nominal direction 
 
More importantly, the average pore size and material size could be calculated via equation (1), 
and the results are shown in Table.8. 
 
Table 8: Average pore size and material size 
Material Average pore size 
(micron) 
Average PHBV size 
(micron) 
Relative 
density 
PHBV 179.48 140.84 0.5073 
PHBV-10AKM(milled) 242.53 225.36 0.5313 
PHBV-10AKM(received) 570.71 155.90 0.4580 
PHBV-20AKM(received) 177.05 164.99 0.5579 
 
The average pore size and material size are generally ranged from 150 microns to 250 microns 
which suits the requirements for bone tissue regeneration. However, it is noticeable that the 
average pore size of PHBV-10AKM(received) is much larger than the other value. The reason 
is that the PHBV did not sintered uniformly, large hollows exist in the scaffold. (Figure.34) 
This will be discussed in detail in next section. In addition, the relative density was also the 
output of the program. Theoretically, if the scaffold structure is uniform, the relationship 
between relative density and porosity is given in Equation.2. 
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Relative Desity = 1 − Porosity  
(Equation.2) 
 
Figure.32 illustrate the relationship between areal size and mass fraction of AKM. Apart from 
the unnormal data, the average pore size and sintered PHBV size do not change much. The 
average pore size and PHBV size have a minor increase with increased AKM mass fraction. It 
could be inferred that the uniformly sintered PHBV-10AKM (received) scaffold should have 
the average pore size around 180 microns.  
 
 
Figure 32：The relationship between areal size and mass fraction 
 
 
Figure.33 shows the relationship between areal size and particle of AKM. The average PHBV 
size with milled AKM is much larger than the size of that with received AKM. It tells the 
addition of AKM could effectively promote the PHBV fusion and thus PHBV are more likely 
to be sintered as large island, which results in the increase of the average material size. 
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Figure 33：Relationship between areal size and AKM particles 
 
 
 
4.4. Error analysis 
The measurement of the porosity and the pore size have errors which mainly comes from the 
sample defects, and the transformation from microscopic images to binary images. These two 
factors are discussed in detail in the following analysis. 
 
4.4.1. Sample defects  
 
Non-uniform 
A well-sintered specimen made from SLS should have the uniform pore network. However, 
some samples were observed to have undesired large pores. Figure.34 is one of the example. In 
the left side of the figure, it can be seen the material is well sintered, while on the right side of 
the figure few large white areas could be observed which indicates these areas are filled with 
resin with no PHBV sintered. The reason could be lack of laser power in the manufacturing 
process. The porosity calculated from the whole image is 55.979%, however, the porosity of 
the uniform area (left half) is only 48.319%. 
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Figure 34:The PHBV-10AKM (rec) sample with large pores 
 
Holes  
As it mentioned before, cold mounting would result in air bubbles in the sample due to 
insufficient impregnation. These holes are out of the focusing range thus in the microscopic 
image they are black. Theoretically, these holes are considered to be part of the porosity, but 
the color makes it counted as the sintered material. The ImageJ provided the adjustment of 
threshold to modify the images, however, even the thresholds are well set the boundary of these 
holes still exists. (Figure.35) Those remained boundary would influence the accuracy of 
porosity and pore size measurement especially.  
 
Large non-sintered area 
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Figure 35:Hole-induced error: (a)optical microscopic image; (b) binary image with 
appropriate threshold 
 
Stains 
Stains can be observed on the sample surface even after ethanol cleaning, which more likely to 
happen on the sample with many holes. (Figure.36) Because the suspension and lubricant with 
water could be stored in those holes, they are difficult to be rinsed out. When using the blower 
to accelerate the drying process, the stored liquid sprays out and result in stains. Stains are 
normally gray or black dots and the shape sometimes could be long and thin. They are measured 
as sintered material with ImageJ because of the dark color of stains. If the stains are too many 
or excessively large, the surface needs re-clean. If they are tough stains and re-clean does not 
work effectively, do the final polishing step with Chem to eliminate stains. 
 
 
Figure 36:Stains on the polished surface 
 
Holes  
Stains  
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4.4.2. Biased threshold setting 
The image processing method by ImageJ has been discussed in 3.5, the threshold setting 
straightly determines the porosity. However, the setting of the threshold is only judged by user 
with the experience, which produces error. More specifically, Figure.37 shows two binary 
images with different threshold. It is difficult to judge which one fits the actual situation better 
and it is even difficult to find the difference between these two images. However, the porosity 
is calculated as 42.084% (left) and 45.625% (right), the biased threshold setting results in the 
error of 3.541%.  
 
Figure 37:Two binary images with different threshold 
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5. Conclusion 
 
The project investigated the microstructure of SLS-fabricated PHBV-AKM scaffolds. The 
evaluation of the microstructure including structural morphology, porosity and pore size was 
mainly based on the microscopic images of produced scaffold specimens. To acquire those data, 
specimens were mounted and polished properly and then by using optical and confocal 
microscope the microscopic images were acquired. Moreover, with the assist of ImageJ and 
Python, further image processing could be carried out to measure pore size and porosity. 
 
The analysis of the data is conducted in Section 4. Several conclusions are summarized: 
 
1. The incorporation of AKM ceramic into PHBV generally improves the powder sintering. As 
a result, the average size of fused material increases and the porosity usually decreases. 
 
2. Compared with received AKM powder, the milled AKM ceramic powder shows better blend 
uniformity.  
 
3. The porosity at “lateral.1” direction usually larger than that at the other two directions. 
 
 
Overall, it has been proved that selective laser sintering (SLS) is capable to build highly porous 
scaffolds with PHBV-AKM powder. The pore size measurement shows the weighted average 
pore size is ranged from 100 microns to 600 microns, which suits the required size for bone 
tissue regeneration. Incorporation of AKM could improve the powder fusing and slightly 
decrease the porosity. Further study could focus on the mechanical property testing and the 
implant experiment. 
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